ABSTRACT. The enzyme adenylate cyclase is critically involved in the regulation of vasodilatation in the developing pulmonary circulation in that it mediates the vascular smooth muscle effects of @-adrenergic agonists and vasodilatory prostaglandins. These agonists activate receptors coupled to the catalytic subunit of the enzyme by stimulatory guanine nucleotide-dependent regulatory proteins. We examined the ontogeny of the function of the adenylate cyclase system in intrapulmonary arterial segments from fetal lambs at 110-115 (Fl) and 125-135 d gestation (F2) and from postnatal lambs at 7-14 (PI) and 35-56 d of age (P2). The function of the intact enzyme system and its components was assessed in incubations measuring cAMP accumulation during phosphodiesterase inhibition. @-Adrenergic mediation of adenylate cyclase was examined because the binding characteristics of the smooth muscle receptors can be readily quantified. Nonstimulated (basal) cAMP accumulation was similar in F1 and F2, it increased 8-fold from F2 to PI, and it was equivalent in P1 and P2. cAMP accumulation with isoproterenol increased 5.9-fold from F1 to F2 and was similar in F2, PI, and P2. Radioligand binding studies revealed that the greater response to isoproterenol in F2 versus F1 is not related to an increase in 8-adrenergic receptor density or affinity. cAMP accumulation with forskolin, which activates adenylate cyclase by actions that involve both the stimulatory guanine nucleotide-dependent regulatory protein and the catalytic subunit, was similar in the four age groups, indicating that there are no maturational changes in the function of these enzyme system components. As such, the enhancement in @-adrenergic mediation of the enzyme during the 3rd trimester may be related to changes in receptor-guaninne nucleotide-dependent regulatory protein coupling. It is concluded that there are marked developmental alterations in the function of the adenylate cyclase system in the intrapulmonary arteries during late gestation that may serve to optimize the capacity of this mediator of pulmonary vasodilatation in the perinatal period. (Pediatr Res 30: 610-615,1991 The plasma membrane-bound enzyme adenylate cyclase is critically involved in the regulation of vasodilatation in the developing pulmonary circulation. Stimulators of adenylate cyclase activity in VSM such as 0-adrenergic agonists and vasodilatory prostaglandins, including prostacyclin, prostaglandin E2, and prostaglandin El, elicit pulmonary vasodilatation in the late fetal and newborn lamb (1-4). In addition, vasoconstriction occurs with inhibition of the synthesis of endogenous agonists for adenylate cyclase (i.e. vasodilatory prostaglandins) (5). This enzyme may also be important in the attenuation of acute hypoxic pulmonary vasoconstriction in the perinatal period because acute hypoxia stimulates pulmonary prostacyclin synthesis (6) and the inhibition of prostaglandin production augments the vasoconstrictor response (7). Furthermore, because the inhibition of prostaglandin synthesis also attenuates the normal decline in pulmonary vascular resistance at the time of birth (8, 9), endogenous agonists of adenylate cyclase may contribute to the successful transition of the pulmonary circulation from that of the fetus to that of the newborn.
The plasma membrane-bound enzyme adenylate cyclase is critically involved in the regulation of vasodilatation in the developing pulmonary circulation. Stimulators of adenylate cyclase activity in VSM such as 0-adrenergic agonists and vasodilatory prostaglandins, including prostacyclin, prostaglandin E2, and prostaglandin El, elicit pulmonary vasodilatation in the late fetal and newborn lamb (1-4). In addition, vasoconstriction occurs with inhibition of the synthesis of endogenous agonists for adenylate cyclase (i.e. vasodilatory prostaglandins) (5) . This enzyme may also be important in the attenuation of acute hypoxic pulmonary vasoconstriction in the perinatal period because acute hypoxia stimulates pulmonary prostacyclin synthesis (6) and the inhibition of prostaglandin production augments the vasoconstrictor response (7) . Furthermore, because the inhibition of prostaglandin synthesis also attenuates the normal decline in pulmonary vascular resistance at the time of birth (8, 9) , endogenous agonists of adenylate cyclase may contribute to the successful transition of the pulmonary circulation from that of the fetus to that of the newborn.
The adenylate cyclase system is composed of stimulatory and inhibitory receptors that are coupled to stimulatory and inhibitory G proteins. The G proteins are coupled to the catalytic subunit of the enzyme, which converts ATP to cAMP when activated (10) . P-Adrenergic agonists and vasodilatory prostaglandins enhance arterial adenylate cyclase activity by activating their respective stimulatory receptors (1 0-12).
The purpose of the present investigation was to examine the ontogeny of the function of the adenylate cyclase system in intrapulmonary arteries during the late fetal and early postnatal period in the lamb, a time in development during which there is a dramatic increase in the capacity for pulmonary vasodilatation in response to a variety of stimuli such as oxygen (13, 14) . The function of the enzyme system was assessed in intact arterial segments by determining cAMP accumulation during inhibition of cyclic nucleotide breakdown by phosphodiesterases (15) (16) (17) (18) (19) (20) . Developmental changes in basal (nonstimulated) cAMP accumulation were examined, as were changes in (3-adrenergic receptor-mediated and postreceptor-stimulated cAMP accumulation to discern the ontogeny of the function of the components of the adenylate cyclase system. 6-Adrenergic stimulation was studied because the binding characteristics of the P-adrenergic VSM receptor can be readily determined, whereas the quantification of VSM prostaglandin receptors is not well established (2 1). We tested the hypothesis that the function of the adenylate cyclase system in the intrapulmonary arteries increases during the late fetal and early postnatal period.
MATERIALS AND METHODS
Animal model. The fetal and newborn lamb has been used extensively by several groups of investigators in studies examining physiologic parameters to assess the ontogeny of the regulation of pulmonary vasomotor tone (13, 14, 22) . As such, it is an appropriate animal model for the study of the ontogeny of the biochemical mechanisms mediating pulmonary vasodilatation. cAMP accumulation was studied in intrapulmonary arterial segments from four different groups of fetal and postnatal lambs. They were fetal lambs at 110-1 15 d gestation (Fl, n = 6), fetal lambs at 125-135 d gestation (F2, n = 6) (with term being 144 f 3 d), postnatal lambs at 7-14 d of age (P 1, n = 3), and postnatal lambs at 35-56 d of age (P2, n = 4). P-Adrenergic receptor binding characteristics were quantified in intrapulmonary arteries from an additional three sets of F l fetuses (tissues were pooled from twins or triplets) and from three F2 fetuses. Before they were killed the pregnant ewes were housed in the Animal Resources Center of the University of Texas Southwestern Medical Center and were given standard animal food and water ad libitum. The newborn sheep that were housed with the ewes began feeding on solid food at 2 to 3 wk of age. The procedures followed in the care and euthanasia of the study animals were approved by the Institutional Review Board for Animal Research.
Arterial segment preparation. The ewe and fetus(es) were euthanized with sodium pentobarbital (50 mg/kg) given i.v. to the ewe, and the fetuses were delivered by cesarean section. The newborn sheep were euthanized in a similar manner. The thoracic contents were immediately removed en bloc and were placed in ice-cold PBS (0.01 M PO4, 0.15 M NaCl, at pH 7.4). Further tissue preparation was performed in a cold room at 4°C. The pulmonary arterial tree was rapidly dissected from the lung parenchyma and was placed in fresh ice-cold PBS. Fatty and connective tissue was gently removed and the adventitia was grossly dissected from the arteries, with care taken not to disrupt the endothelium.
Arterial segments weighing 5 to 10 mg were cut from the 4th-generation intrapulmonary arteries for use in the incubations for cAMP accumulation (23) . cAMP accumulation was studied in intact segments in lieu of examining adenylate cyclase enzyme activity directly in microsomal preparations because receptor uncoupling can occur during the preparation of membranes from smooth muscle (24) . The VSM for the determinations of @-adrenergic receptor binding characteristics was obtained from 4th-through 6th-generation intrapulmonary arteries after the removal of the endothelium with a cotton-tipped applicator (23) . The generations of arteries studied were selected in an effort to examine these parameters close to the level of the resistance vessels (23) . The presence or absence of intact endothelium was confirmed by light microscopy of 5-pM sections of randomly chosen segments and studies of endothelium-dependent acetylcholine stimulation of VSM cGMP production (25, 26) . Before endothelium removal, I-min incubations of segments from F2 fetal lambs in the presence of 10 pM acetylcholine resulted in a 4-to 5-fold increase in arterial segment cGMP content. In contrast, acetylcholine had no effect on cGMP content in segments incubated after endothelium removal.
Incubations for CAMP accumulation. The cAMP content of untreated intrapulmonary arterial segments was determined after equilibration of the segments in 1.0 mL of freshly prepared Krebs-Henseleit buffer gassed with 95% 02/5% COz in polypropylene tubes at 37°C. The buffer contained 4.8 mM KCl, 2.0 mM CaC12, 1.2 mM KH2P04, 1.2 mM MgS04, 11.0 mM dextrose, 118 mM NaCl, 25 mM NaHC03, and 0.5 mM ascorbic acid at a pH of 7.4, and the resulting Poz with gassing was 90.4-90.6 kPa (678-680 mm Hg). The Po2 did not fall significantly for at least 20 min after gassing, which was the maximum duration of equilibration or incubation. The segments were equilibrated and studied at a Poz of 90.6 kPa (680 mm Hg) in an effort to have equivalent in vitro conditions for all four groups, excluding the in vivo oxygenation status of the fetal or newborn lamb as a variable. The cAMP content of untreated segments was stable after 10 min of equilibration, and the values reported are after 20 min of equilibration. At the end of the 20-min period, the equilibration media was aspirated from the tube, 1.0 mL of ice-cold 7% trichloroacetic acid was added to the tube containing the arterial segment, and it was placed on ice. The segment was frozen in trichloroacetic acid until homogenization and the determination of cAMP content were performed.
Basal (nonstimulated) cAMP accumulation was determined during the incubation of arterial segments in fresh oxygenated Krebs-Henseleit buffer in the presence of 100 ,.LM IBMX to inhibit the metabolism of cAMP by phosphodiesterases. The methods used were modified from those previously used in studies of tracheal smooth muscle, coronary artery, and aorta (15) (16) (17) (18) (19) (20) . The concentration of IBMX used inhibits arterial phosphodiesterase activity by at least 80-90%, and the effect is constant for up to 30 min (16) (17) (18) . At the end of the incubation period, the media was removed and the segments were treated and stored as described above. The amount of cAMP accumulated in the arterial segments during incubation in the presence of IBMX was determined by subtracting the cAMP content of equilibrated, untreated segments.
cAMP accumulation with exogenous stimulation of the adenylase cyclase system was also examined during incubations of the arterial segments in the presence of IBMX. P-Adrenergic receptor-mediated cAMP accumulation was determined in incubations with 10 pM isoproterenol (18) . This concentration yielded maximal cAMP accumulation in preliminary experiments. Postreceptor-stimulated cAMP accumulation was determined in incubations in the presence of 100 pM forskolin (27) , which activates the adenylate cyclase system by actions that involve both GS and the catalytic subunit (28, 29) . Preliminary experiments were performed that established that the maximal effect of forskolin was obtained at this concentration. The termination of these incubations and the calculations of the amount of cAMP accumulated followed the procedures outlined above.
CAMP assay. The frozen arterial segments were thawed on ice and were homogenized in ground glass using a motorized pestle. Duplicate aliquots of homogenate were set aside for protein determination by the Lowry method using BSA as the standard (30) . The remainder of the homogenate was centrifuged at 4°C at 1300 x g for 15 min and an ether extraction was performed on 50 pL of the supernatant (10 x volume, three times). The ether-extracted supernatant was dried at 40°C for 12 to 16 h, and cAMP content was determined by RIA after acetylation (3 1, 32). The intraassay and interassay coeficients of variation for the cAMP RIA were 3.6 and 7.8%, respectively. P-adrenergic receptor radioligand binding studies. The methods used generally follow those previously described in detail for the study of P-adrenergic receptors in rat VSM (32) . The intrapulmonary VSM was transferred into ice-cold 0.25 M sucrose buffer, pH 7.4, with 10 mM Tris (3 x volume). The tissue was washed in the sucrose buffer twice, and the plasma membranes were prepared at 4°C by methods modified from those of Wei et al. (33) . The tissue was minced with scissors and was homogenized twice with a Polytron at setting no. 8 for 10 s. The homogenate was centrifuged at 4°C at 1500 x g for 10 min, and the resulting supernatant was filtered through two layers of gauze and centrifuged at 4°C at 100 000 x g for 30 min. The pellet formed was resuspended in 5.0 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer, pH 7.4, with 1.0 mM MgSO,, yielding a protein concentration of 50 to 100 pg/mL as determined by the Lowry method (30). P-Adrenergic receptor binding assays were performed with 100 pL of membrane preparation in a total volume of 500 pL of the 5.0 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer. The P-adrenergic receptor-specific radiolabeled antagonist ["51]ICYP was used. The purity of each ['2SI]ICYP preparation (greater than 98%) was verified by thin-layer chromatography.
["'IIICYP was added at concentrations ranging from 10 to 100 pM, in the presence or absence of 10 pM 1-alprenolol to distinguish nonspecific from specific binding. The concentration of Ialprenolol used was based on preliminary experiments revealing a 50% inhibiting concentration for radioligand displacement of approximately 0.01 pM (34) . The incubations were performed over 120 min at 37°C and were terminated by rapid dilution with 4.0 mL of 20 mM KH2P04 buffer, pH 7.4, with 1.0 mM MgS04 at 37°C and separation of bound and free ligand by filtration through Whatman GF/C filters under vacuum, followed by three 4.0-mL rinses of the filters with the same buffer. After drying, the radioactivity collected on each filter was determined by liquid scintillation spectrometry (68% counting efficiency). All determinations were performed in duplicate. Binding curves were generated and the B,,, and k, for the ligand were determined from the specific binding data by computer analysis using a modification of the program LIGAND by Munson Statistical analysis. Analysis of variance with Neuman-Keuls post hoc testing was used to compare the results for cAMP accumulation between the four age groups. t tests were used to compare P-adrenergic receptor binding characteristics between the two fetal groups. Significance was accepted at the 0.05 level of probability. All results are expressed as mean & SEM.
Materials. I-Alprenolol and I-isoproterenol, as d-tartrate and d-bitartrate salts, respectively, and forskolin were obtained from Sigma Chemical Co. (St. Louis, MO). All solutions were prepared fresh daily. Forskolin was initially dissolved in 95% ethanol to yield a stock solution of 10 mM. Further dilutions were with Krebs-Henseleit buffer. The amount of ethanol present in the incubations with forskolin (less that 1 %) had no effect on segment cAMP content when tested alone. ICYP, DL-["~I] (2200 Ci/ mmol), and cAMP ["51] RIA kits were from New England Nuclear/Dupont (Boston, MA).
RESULTS
cAMP content of untreated segments. The cAMP contents of untreated intrapulmonary arterial segments from the four age groups are shown in Figure 1 . cAMP content increased 2.9-fold from early in the 3rd trimester (Fl) to later in the 3rd trimester (F2), it was similar in the late fetal (F2) and the early postnatal groups (Pl), and it increased further (2.2-fold) from the early (Pl) to the late postnatal group (P2). The net result was an almost 5-fold increase in the cAMP content of the segments over the prenatal and postnatal period examined.
Time courses for cAMP accumulation. The time courses for the increases in segment cAMP content with basal accumulation (nonstimulated, IBMX alone) and accumulation with exogenous stimulation (IBMX plus isoproterenol or IBMX plus forskolin) are depicted in Figure 2 . These data are for intrapulmonary arterial segments from F2 fetal lambs. Basal cAMP accumulation was not significant until 10 min of incubation, and it was relatively unchanged thereafter. The increase in cAMP content with isoproterenol stimulation was detectable and maximal by 2 min of incubation, and it was stable over the ensuing 18 min. The increase with forskolin stimulation was dramatic initially and reached a maximum at 15 rnin of incubation. Similar time courses were obtained in the other three age groups. As such, cAMP accumulation was compared between the four age groups by examining the increase in cAMP content at the shortest durations of incubation at which the maximal effects were obtained, namely at 10 min for basal accumulation (IBMX alone), at 2 rnin for IBMX plus isoproterenol, and at 15 rnin for IBMX plus forskolin. These procedures follow those previously used by other investigators (1 8, 20) .
Basal cAMP accumulation. The results for basal cAMP accumulation in the four age groups are shown in Figure 3 . Basal accumulation was similar in the early (Fl) and late fetal groups (F2), it increased 8-fold from late in gestation (F2) to early in the postnatal period (PI), and it did not change over the postnatal period examined (P 1 versus P2).
cAMP accumulation with isoproterenol or forskolin stimulation. cAMP accumulation with isoproterenol stimulation is depicted in Figure 4 . Accumulation of the cyclic nucleotide with P-adrenergic receptor activation increased 5.9-fold from the first half (Fl) to the second half (F2) of the 3rd trimester, and it was similar late in gestation (F2) compared with the postnatal period (PI and P2). In the postnatal groups, the increase in cAMP content at 2 rnin of incubation with IBMX plus isoproterenol (Fig. 4) was similar to that obtained at 10 min with IBMX alone (Fig. 3) . This is because in P1 and P2 segments IBMX plus isoproterenol caused an increase in cAMP content at a much greater rate than the increase with IBMX alone, but the maximal increase achieved with continued incubation was similar for the two treatment regimens (data not shown).
The results with forskolin stimulation are given in Figure 5 . The increase in cAMP content with postreceptor activation of the adenylate cyclase system was similar in all four study groups, with mean values ranging from 54 to 67 pmol cAMP/mg protein. 
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DISCUSSION
In the present investigation we have examined the ontogeny ofthe function of the adenylate cyclase system in intrapulmonary arteries from 3rd-trimester fetal and newborn lambs. To our knowledge, this is the first study examining the activity of this critical mediator of pulmonary vasodilatation close to the level of the resistance arteries during late gestation and in the newborn. We have demonstrated that there is an 8-fold increase in nonstimulated cAMP accumulation with phosphodiesterase inhibition from late in gestation (F2) to early in the postnatal period (PI), indicating that the b a~a l a c t i v i t~o f adenylate cyclase increases dramaticallv over that ~h a s e of develo~ment. In addition.
increases in the eidogenous LAMP content-of nontreated seg:
ments during the 3rd trimester (from F1 to F2) and during the postnatal period (from P1 to P2) in the absence of apparent alterations in basal adenylate cyclase activity may reflect maturational changes in phosphodiesterase activity. However, conclusions regarding developmental alterations in phosphodiesterase activity should be made with caution because it was not directly measured in this study.
Maturational changes in receptor-and postreceptor-mediated cAMP accumulation were also examined to discern the ontogeny of the function of the components of the adenylate cyclase system. P-Adrenergic stimulation was studied because the binding characteristics of the VSM receptor can be readily determined to assess whether changes in receptor-mediated cAMP accumulation are related to alterations in B,,, or 16. We have demonstrated that cAMP accumulation in response to isoproterenol increases almost 6-fold during the 3rd trimester (from F1 to F2) and is then unchanged from late in gestation (F2) to 1 mo of age (P2). This indicates that the capacity for 0-adrenergic receptormediated regulation of the adenylate cyclase system in ovine intrapulmonary arteries increases during fetal life to reach a postnatal level of maturity by the latter half of the 3rd trimester. This is not related to an increase in p-adrenergic receptor number or afinity because the receptor binding characteristics were similar in intrapulmonary VSM from the early (Fl) versus the late fetal lambs (F2). Alternatively, these findings are consistent with either changes in the coupling of P-adrenergic receptors to Gs or changes in G protein and/or catalytic subunit function (10) . It should be noted that the values presently obtained for B,,,, and kd in 4th-to 6th-generation intrapulmonary VSM from the late fetal lambs (F2) are comparable to those we have previously determined in 3rd-to 6th-generation intrapulmonary VSM from that age group (38) .
To assess postreceptor-mediated function of the adenylate cyclase system, cAMP accumulation with forskolin was determined in the four age groups. In studies of the catalytic subunit of adenylate cyclase purified to homogeneity from bovine brain, it has been demonstrated that forskolin stimulates the subunit directly (39, 40) . However, Gs is important for forskolin-elicited stimulation of cAMP synthesis in intact cells because a lack of Gs or defects in the function of Gs substantially decrease the response (29) . As such, forskolin most likely acts on both Gs and the catalytic subunit in the intrapulmonary arterial segments. Our finding that cAMP accumulation with forskolin was similar in the four age groups suggests that postreceptor-mediated mechanisms involving Gs and the catalytic subunit have already reached a postnatal level of function by the beginning of the 3rd trimester and that there are no changes in the function of these enzyme system components during late gestation. Thus, the results of the present study indicate that there is enhancement in p-adrenergic receptor-mediated adenylate cyclase activity during the 3rd trimester that may be related to alterations in the coupling of the receptors to Gs.
It should be emphasized that the cAMP contents determined in the present investigation are the summation of cAMP in both the endothelial and the VSM cells that make up the intrapulmonary arterial segments studied. Adenylate cyclase activity has been demonstrated in endothelial cells, but comparisons of enzyme activity in endothelial and VSM cells cultured from the same artery type suggest that activity is considerably greater in the VSM (41, 42) . Furthermore, the vast majority of the cells examined in the present study are VSM, and as a result the cAMP measured primarily represents VSM CAMP. However, the role of adenylate cyclase in the endothelial cells should not be ignored, because agonist activation of the enzyme in the endothelial cells may enhance the vasodilatation resulting from the activation of the enzyme in the VSM by the same agonist by mechanisms that may or may not involve the release of endothelium-derived relaxing factor (43) .
Developmental changes in b-adrenergic receptor-mediated mechanisms have been ~reviouslv revorted in studies of main pulmonary arteries frok postnatal animals. Park et al. (44) demonstrated that isoproterenol-stimulated relaxation of rabbit main pulmonary artery increases during the 1 st mo of postnatal life (44) . In all the age groups examined, the maximal response was found at approximately the same concentration of isoproterenol, and the shifts in the dose-response curves with propran-0101 were parallel and of the same magnitude (44) . This suggests that the age-related differences that they observed in P-adrenergic responsiveness involved changes beyond the level of receptor activation, conclusions similar to those we have drawn in the present investigation. As for the pulmonary arteries of older rabbits, Fleisch and Hooker (45) demonstrated a decline in relaxation induced by isoproterenol from 2 to 25 mo of age. Similarly, O'Donnell and Wanstall (46) reported progressively decreasing isoproterenol-stimulated relaxation of main pulmonary artery rings from rats 1-2 mo to 18 mo of age. Taking into consideration that different species and stages of development have been examined, the results of these and the present studies suggest that maturational changes may occur in the adenylate cyclase system of the pulmonary artery to optimize the function of this mediator of vasodilatation in the late fetus and newborn. It is postulated that alterations in these maturational processes during fetal life would contribute to the development of pulmonary hypertension in the neonate.
